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Abstract
The 3D discrete element method (DEM) and finite element method (FEM) were combined together
to investigate the running behavior of rigid wheel on sand terrain. Firstly, an efficient method for
the initial generation of discrete elements (DEs) which is suitable for the simulation of sand terrain
was introduced. Then, the DEs were consolidated to a steady state to model the real condition of
sand terrain. Afterwards, a 3D numerical model was established based on the soil bin experiment to
model the running behaviour of the rigid wheel travelling from hard terrain to sand terrain, where
the wheel, the hard terrain and the soil bin were solved by using FEM. Finally, a constant angular
velocity and corresponding translational velocity were loaded to the rigid wheel to investigate its
running behavior under different slip ratios. Corresponding running behavior parameters like net
draw bar pull and sinkage were obtained. The overall trend of net draw bar pull versus slip ratio is
qualitatively in agreement with current experimental results.
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1 Introduction
Off-road vehicles, which have been widely used in agricultural production, planetary exploration,
and military field, usually work on discontinuous granular road such as sand terrain. The
deformation and destruction of the soft road have large effects on the traction performance of
vehicles. Thus, the research of the wheel-road system interactions is significant to the parameter
match and design of off-road vehicles. Many researchers (Robert, Winnie and Tim 2005; Yang, Xu,
Liang, Zhang, et al, 2011; Maciejewski and Jarzebowski, 2004; Hisanori, Nakashima, Takatsu, et al,
2010) had been working on this filed via experimental methods, but these methods have
shortcomings like long development time and expensive cost. Recently, with the rapid development
of computer technology, simulation methods had been widely used in the research of this filed.
Finite element method (FEM) as a traditional simulation method has been used by many researchers.
And many achievements have been reported in various literatures. For example, in order to simulate
the deformation behavior of soft terrain under a rolling wheel, Hiroma, Wanjii, Kataoka, et al (1998)
regarded the soft soil as viscoelastic material; LIU and Wong (1996) implemented a modified
critical state model in conjunction with a new nonlinear elastic law into the general purpose finite
element program MARC; Xia (2011), Xia and Yang, (2012) took the soil as elastoplastic material
and implemented the Drucker-Prager/Cap model into ABQUS as a user subroutine. Moreover,
Hambleton and Drescher (2008 and 2009) analyzed the running behavior of the rigid wheel travels
from hard terrain to soft terrain, where the two kinds of road were modeled by elastoplastic material
with different material parameters. Although these studies used different materials to model the soft
terrain, the traditional FEM technology is unable to describe the discontinuous features of granular
materials such as sand terrain with sufficient accuracy. Moreover, the effect of the tread pattern on
traction performance is also unable to be described clearly by FEM.
On the contrary, the discrete element method (DEM) shows a clear advantage to handle such
problems. For example, Lav, Vilas, Salokhe, et al (2007) applied DEM to the investigation of the
running performance of smooth rigid wheel rolling on coarse sand and medium sand under different
vertical load conditions, Nakashima, Fujii, Oida, et al (2007 and 2010) and Li, Huang, Cui, et al
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(2010) investigated the running behavior between lugged wheel and lunar regolith via 2D DEM.
For further research, Zhang, Liu, Zeng, et al (2012), Knuth, Johnson, Hopkins, et al (2012) used 3D
DEM to analyze the interaction between planet rover wheels and martain terrain. However, in these
studies, the wheels, wheel lugs and granular terrain were all modeled by DEM, therefore, the
deformation and the complex tread pattern structure of the tire could not be simulated reasonably.
Nakashima and Oida (2004), Nakashima, Takatsu, Shinone (2009) and Nakashima, Takatsu (2008)
used the 2D finite element and discrete element method (FE-DEM) to investigate the wheel traction
performance on sand terrain, where the rigid wheel was discretized by FEs and the sand terrain was
modeled via DEs. This method compensated for the demerits of the two methods. However, it is
obvious that the complex behaviors such as lateral force and steering performance of a rolling
wheel are unable to be described by the current 2D method.
The purpose of this study is to apply 3D FE-DEM to the investigation of the wheel traction
performance on sand terrain. Related program code is developed based on FORTRAN95 language.
The numerical model of rigid wheel rolling from hard terrain to soft sand terrain is established
based on the soil bin experiment, where the wheel, hard terrain and soil bin are all discretized by
FEM, the sand terrain is modeled by DEM. The running behaviors of the rigid wheel under different
slip ratios are analyzed.
This paper is organized as follows: in the next section, the basic equations of FE-DEM, including
the motion equations of elements and the interaction forces among elements are introduced. The
concept of analysis for the wheel-sand interaction in FE-DEM is also illustrated. Sect.3 illustrates
an efficient way for the initial generation of the DEs which is suitable for sand simulation and the
consolidation process of the DEs under self-weight is also shown. Sect. 4 presents the numerical
model of the wheel-sand interaction system. The traveling process of the wheel under different slip
ratios is modeled. And corresponding results are also illustrated and analyzed in this section.
2. The FE-DEM algorithm introduced
2.1 Equations of motion
For the 3D FE-DEM algorithm, the motions of the DEs and FEs are governed by the second
Newton’s law. For arbitrary element i , the equations are expressed by Eq. (1) (used for both DEs
and FEs) and Eq. (2) (only used for DEs).
(1)
mi (d 2 ui / dt 2 ) = Fi
2
2
(2)
I i (d θ i / dt ) = M i
Where mi and I i are the mass and inertia moment of element i , respectively; ui and θ i are the
displacement and the rotation angle of element i , respectively; Fi and M i are the total external force
and centroidal moment of element i , respectively.
2.2 Interactions among elements and the wheel-sand system
Contact detection is the prerequisite for the calculation of interaction forces among elements. In this
study, the C-grid detection method proposed by Williams, Perkins and Cook (2004) is used for DEs,
and contact algorithm between 3D DEs and FEs has been previously developed by the authors
(Zang, Gao, Lei, 2011). The contact models for elements are shown in Fig. 1. Where hij is the
overlap of contacting elements; vi , v j , ωi , ω j are the velocity and angular velocity of element i
and j , respectively; Fni is the normal force, and Fsi , taken Coulomb friction law into account, is the
tangential force of element i , which can be obtained from Eq. (3) and Eq. (4).
=
Fni Fni,ij + Fni,ij ,vis

2

(3)

 Fsi,ij + Fsi,ij ,vis
F =
i
 Fn µ
i
s

Fsi < Fni µ
Fsi ≥ Fni µ

(4)

Where Fni,ij , Fni,ij ,vis , Fsi,ij , and Fsi,ij ,vis are the normal spring force, the normal damping force, the
tangential spring force and the tangential damping force of element i , respectively; These forces
can be calculated via Hertz theory and Mindlin theory (Robertas, Algis, Rimantas, 2004); µ is the
friction coefficient. It should be noted that the FE was regarded as sphere with infinite radius (Han
and Owen, 2000) when calculate the interaction force between FE and DE as illustrated in Fig. 1(b).

(a) Contact between DE and DE (b) Contact between FE and DE

(c) Force between elements

Fig. 1 Contact models among elements
Based on the theory mentioned above, the concept of analysis for the wheel-sand interaction by FEDEM is illustrated in Fig. 2.The interactions among sand particles are solved via interactions of
DEs (Fig. 1(a)), while the forces between tire and sand particles are calculated by interactions
between FE and DE (Fig. 1(b)).

Fig. 2 Description of wheel-sand system by FE-DEM
The net draw bar pull N , normal reaction force P and slip ratio s are defined as follows:
N= G − R

P = ∑ Fz
s= (1 − v / (rω ))
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(5)
(6)
(7)

Where F is the contact force between FE wheel and DE terrain; G = ∑ Fx+ and R = ∑ Fx− are the
gross traction force and the resistance force, respectively; v and ω are the translational speed and
the angular velocity of the wheel; r is the free rolling radius of wheel.
2.3 Program flow
The simulation of the wheel running process is composed of following three steps: Step1, granular
DEs compact to a steady state under self-weight; Step2, the FE wheel sink onto the FE road surface
under vertical load including self-weight and external load until it reaches an equilibrium state;
Step3, a constant angular velocity and corresponding translational velocities are loaded to the wheel
center to analyze its traction performance under various slip ratios. And the wheel travels from FE
hard road to DE soft terrain. The program flow chart is shown in Fig. 3.

Fig. 3 Program flow chart
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3 DE modeling of soft sand terrain
3.1 Initial generation
The discontinuous characteristics of loose gravel terrain can be modeled effectively by DEM (Fujii,
et al, 2010; Li, et al, 2010; Zhang, et al, 2012; Knuth, et al, 2012; Nakashima, et al, 2004 and
Nakashima, et al 2009). Thus, we use the 3D DEM to model the sand terrain in this paper. The
initial generation of the DEs is one of the main research topics. For this problem, Han, Feng, Owen
(2005) proposed a method for the generation of spheres which randomly distributed in a given
geometric domain with different sizes. The details are as follows:
1.

Various sizes of spheres which are randomly distributed in a given geometric domain are
generated, and there are gaps among spheres.

2.

Find out the neighbor spheres of each sphere. Calculate the distance between the target sphere
and its neighbor spheres in a given direction (in this study is the vertical direction), and move
the target sphere to the nearest neighbor sphere along the special direction, the moving
distance is equal to the minimum distance.

3.

Further compression is executed similar to step2 to improve the volume density of the spheres,
Vl αVg + βVn , as illustrated in Fig. 4, changes in a given
where the compression direction=
range.

Fig. 4 Compression directions
After the above steps are completed, a void will be produced on the upper part of the domain. In
order to fill the void, a strategy of sphere insertion was adopted by Han, et al (2005): spheres were
generated at the top of the domain and then dropped along the compression direction until they
contact with the nearest existing sphere. During this procedure, it needs to loop over all the current
spheres for the contact detection, which wastes a lot of computing time. With the increasing of the
sphere number, the consumption of the computing resource is increased dramatically. For the sand
terrain simulation problem, large amount of spheres need to be generated. What’s more, considering
that the spheres should be consolidated under self-weight to a steady state to model the real sand
condition after the initial generation, we prefer the improving of efficiency to the increasing of
volume density at the initial generate stage.
Hierarchical generative method is applied to enhance the efficiency of the initial generation in this
study. A 2D schematic diagram is shown in Fig. 5. Firstly, various sizes of spheres are generated in
a given geometric domain as illustrated in Fig. 5(a). Then, the spheres are compressed by using the
method of Han, et al (2005), a new terrain A is created as shown in Fig. 5(b). Afterward, new
spheres are generated and compressed in the new terrain A , as shown in Fig. 5(c), Fig. 5(d).
Another new terrain A is produced as illustrate in Fig. 5(d). Repeat the above procedure until no
sphere of given radius range can be generated. In this procedure, the contact detection only needs to
be executed among spheres in the new domain A for every layer of generation.
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(a)

(b)

(c)

(d)

Fig. 5 Hierarchical generate method
In order to validate the superiority of the new method, a given number of spheres were generated in
special geometric domains via hierarchical method and the method of Han, et al (2005), the results
are shown in Fig. 6. It can be seen that the former method is more efficient than the latter one when
generate same amount of spheres in a given geometric domain. With the increase of the computing
scale, the efficiency is improved more significantly. For the geometric domain of 2000×640×
380mm and sphere number of 17000, the calculation efficiency can be improved by 60%.

Fig. 6 Comparing of the computation time
The initial configuration of the sphere DEs in the geometric domain of 1500×480×280mm with
sphere number of 93024 is shown in Fig. 7.

Fig. 7 Initial configuration of the DEs in geometric domain of 1500×480×280mm
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3.2 DEs consolidation under self-weight
It should be noticed that there might be contact but no contact force among DEs after initial
generation. This is different with the real state of the sand particles. Therefore, the DEs shown in
Fig. 7 were placed into the soil bin with corresponding geometric size. Then, gravitational force was
loaded to the DEs, and they were compacted to a stable state under self-weight. The displacement
nephogram of the vertical direction during the compaction procedure is shown in Fig. 8. It can be
seen that the displacements of the elements in the bottom of the soil bin are small, while the
elements in the upper part of the soil bin show larger displacements.

T=0s

T=0.3s

T=0.6s

T=1s

Fig. 8 Displacement nephogram of vertical direction of DEs during consolidation process

Fig. 9 Time history of total potential energy of DEs
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Total gravitational potential energy is used to estimate the consolidation state, and the time history
of the total gravitational potential energy is illustrated in Fig. 9. It is obvious that the total potential
energy decreases with the increasing of the computing time, and the trend tends to be flat. After 1s
of consolidation, it tends to be stable, and the consolidation process is completed.
4 Numerical simulation of running behavior
4.1 Model introduced
Based on the soil bin experiment by Hisanori, et al (2010), considering that the wheel usually
travels from hard terrain into soft terrain in practice, refer to papers of Hambleton, et al (2008 and
2009), the numerical model is established including hard terrain and soft terrain, as illustrated in Fig.
10, where the hard terrain, wheel and soil bin are discretized by FEs. The soft sand terrain is
modeled by DEs with the geometric terrain of 1500×480×280mm as illustrated in Fig7, and
corresponding self-weight consolidation process is shown in Fig. 8, Fig. 9.

(a) Front view

(b) left view

Fig. 10 3D numerical model
It should be noticed that we are focusing on the development 3D FE-DEM program in this paper,
thus, the destruction of the tire, hard terrain and soil bin is neglected. The hard terrain and soil bin
are modeled via elastic material. The radius range of the DEs is 5mm to 7mm. Time step for explicit
calculation is 10-5s. Other parameters of the model are shown in Table1 and Table 2.
Table 1 Material parameters
Wheel
Soil Bin Hard Terrain Sand Terrain
Number of Elements
1344
800
168
93024
4
4
Yong’s Modulus (MPa)
2
7.5×10
7.5×10
7.5×104
Poisson’s Ratio
0.49
0.30
0.30
0.30
Density (kg/m3)
1.8×103 2.4×103
2.4×103
2.4×103
Table 2 Contact parameters
Wheel-Sand Wheel-Hard terrain Soil-Bin
Normal Damping Coefficient (1/s)
40
50
50
Tangential Damping Coefficient (1/s)
35
45
45
Friction Coefficient
0.4
0.3
0.3
4.2 The wheel traveling process
Firstly, according to the relevant experiment of Kyoto University (Hisanori, et al, 2010), vertical
load of 1295N including self-weight and external load is loaded to the center of the wheel, and the
wheel is sinking until reaches equilibrium state. Then, a constant angular velocity of 5rad/s and
corresponding translational velocity are enforced to the center of the wheel to simulate its running
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behavior under slip ratio of 30%. It should be noticed that the constant angular velocity value is set
to 5rad/s, which is larger than that in Hisanori’s experiment, to reduce the running time of the wheel
for a certain traveling distance because of the low computational efficiency of the program. And the
improvement of the computational efficiency is our future work. The displacement nephogram of Z
direction of the DEs is shown in Fig. 11. For better observation, the soil bin and the hard terrain is
not shown. The figure shows that for the elements under the wheel track, with light color, the
displacement values are negative, while on both sides of the trace, with dark color, the displacement
values are positive. This phenomenon is consistent with the real condition.

Fig. 11 Displacement nephogram of Z direction of sand particles
The flow of the sand particles has a great influence on running behavior of the wheel. Fig. 12 shows
the flow trend of the particles at 0.74s, where the flow directions are described via velocity vectors.
From the figure we can see that the flow trend of the particles can be divided into two areas, the
forward flow in clockwise and the rear flow in anticlockwise. This phenomenon is consistent with
the conclusions by Hambleton, et al (2009) and Zhuang (2002).

Fig. 12 Configuration of sand flow trend
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Fig. 13 shows the time history of the vertical reaction force during the traveling process. It can be
seen that the vertical reaction force fluctuates around the average value of 1300N, which is close to
the given load value. The vertical reaction force on the soft sand terrain shows larger fluctuation
than that on the hard terrain. The wheel starts to travel into the sand terrain at about 0.33s, and the
vertical reaction force shows an abrupt fluctuation. The possible reason for this phenomenon is
because of the sudden change of the support capacity of the road, the wheel sinks suddenly and the
impact force leads to the fluctuation of the vertical reaction force.

Fig. 13 Time history of the vertical reaction force
The time history of the net drawbar pull is shown in Fig. 14. It can be seen that the net draw bar pull
on the hard terrain is larger than that on the soft sand terrain. As the wheel travels into the sand
terrain after 0.33s, the average value of the net draw bar pull decreases dramatically from 380N to
110N. Analogous to the vertical reaction force shown in Fig. 13, the net draw bar pull of the soft
sand terrain shows a larger fluctuation than that on the hard terrain. Similar mutation at the
conjunction of two kinds of roads is also illustrated in the figure.

Fig. 14 Time history of net draw bar pull
Fig. 15 shows the time history of the wheel sinkage. It can be seen that the wheel sinkage fluctuate
in a small range on the hard road. As the wheel travels into the soft sand terrain after 0.33s, the
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sinkage value increases dramatically because of the destruction of the terrain. Afterward, the trend
tends to be flat and the value fluctuates in 24mm to 28mm.

Fig. 15 Time history of wheel sinkage
In order to further analyze the effect of slip ratio on the running behavior of the wheel on sand
terrain (net draw bar pull of hard terrain is not included), constant angular velocity of 5rad/s and
corresponding translational velocity for different slip ratios according to Eq.(7) are enforced to the
center of it. The average value of the net draw bar pull on the soft sand terrain is regarded as the
equivalent value. The relation between the equivalent value of net draw bar pull and slip ratio is
shown in Fig. 16. It is clearly that the value of the net draw bar pull rises with the increase of the
slip ratio. And the trend is steeper when the slip ratio is less than 25%, then it shows a flat trend
with the slip ratio larger than 25%,

Fig. 16 Relation between net draw bar pull and slip ratio
Fig. 17 shows the sinkage of the wheel with the traveling distance of 0.4m on sand terrain (sinkage
on hard terrain is not included) under different slip ratio values. It can be seen that the value of the
sinkage rises with the increase of the traveling distance. The sinkage value also rises with the
increase of the slip ratio, for slip ratio value of 0% and 60%, the maximum values of the sinkage are
17.8mm and 37.9mm, respectively.
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Fig. 17 Relation between wheel sinkage and slip ratio
4.3 Simulation results discussion
From the above simulation, we can obtain the following results:
Hard terrain shows better traction performance than that of soft sand terrain, and the driving process
is stable. During the process of running on sand terrain, the road is destructed, the net draw bar pull
shows larger fluctuation, and the rut is clear. The main reason is because of the rolling and flow
characters of the sand particles. Although we consider the frictions among DEs, the sphere shape of
the elements is still inconsistent with the actual situation of sand particles. Various shape elements
(Li, et al (2010), Chen, Zhao, Cui, et al (2012), Zhou, Hua, Ma, et al (2012)) and rolling resistance
among elements (Iwashita, Oda (2000), Jiang, Yu, Harris (2006) ) will be considered in the future to
improve current program.
As the wheel travels into soft sand terrain, the sinkage value increases dramatically. Meanwhile, the
normal reaction force and the net draw bar pull show large fluctuations. The reason is because of
the different support capacity between hard and sand terrain, this causes an unbalance force of the
wheel in the vertical direction. Thus, the wheel sinks into the sand terrain and produces large impact
force which leads to the fluctuation of vertical reaction force. Moreover, the average value of the
traction force decreases gradually because of the rolling and flow of the sand particles.
On the soft sand terrain, the net draw bar pull shows a steeper trend when the slip ratio is less than
25%, and the trend is flat when the slip ratio is larger. With the same traveling distance, the sinkage
value rises with the increase of the slip ratio. These conclusions agree qualitatively with the results
proposed by Hisanori, et al (2010) and Li, et al (2010). In the mean time, there are still problems
that the value of the net draw bar pull is larger than that in Hisanori’s experimental results. The
possible reason is because of the larger particle size and the larger angular velocity of the wheel.
And this problem will be overcome after we develop the parallel computing program which can
improve the computing efficiency.
5 Conclusions
1.

In this study, a 3D FE-DEM has been applied to model the interaction between wheel and sand,
and corresponding procedure code was developed based on FORTRAN95 language.

2.

An initial generation method named hierarchical generate method which was appropriate for
the sand terrain simulation was developed. Corresponding numerical model was established to
model the running behavior of the wheel travels from hard terrain to soft sand terrain. The time
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history of normal reaction force, net draw bar pull and sinkage of the wheel were obtained. The
damage of the sand terrain was also presented.
3.

The overall trend of the net drawbar pull versus slip ratio is agreed qualitatively with the
results of previous experiments, this indicates the effectiveness of the 3D FE-DEM in analysis
the traction performance of rigid wheel travels on sand terrain.

Plans for the future work are to improve the accuracy and the efficiency of the method. The tread
pattern will also be considered to simulate the real tire behavior.
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